The effect of biofouling on physical, chemical and mechanical changes of Bisphenol A polycarbonate immersed at a depth of three meters at two different locations (Port and FSI, Chennai, India) in the Bay of Bengal Sea over a period of six months was the subject of this study. Biofouling in terms of total suspended solids, organic matter and total viable count was higher at Port than at FSI, probably because of higher dissolved oxygen at the former than at the latter site. An increase in glass transition temperature (from 133°C to 147 and 144°C at Port and FSI respectively) was observed in the samples indicating loss of amorphous region and conformational change in the polymer. A two fold decrease in tensile strength, a 33% decrease in contact angle and, a reduction in the tertiary methyl and carbonate carbonyl indices were observed. These findings indicate that polycarbonate undergoes a combination of biodeterioration and biodegradation under these conditions.
INTRODUCTION
There has been a great deal of interest in recent years in the synthesis and usage of polycarbonate [1] (especially bisphenol A polycarbonate), since it finds extensive applications ranging from windshields on boats to biomonitoring units in water analysis, but only few reports deal with its biodegradation [2, 3] . When this polymer is exposed to seawater there is a possibility of Bisphenol A (BPA), one of the monomers, leaching out [4] . BPA has been classified as an endocrine disruptor due to its estrogenic action and has an acute toxicity in the range of 1-10 μg ml -1 for freshwater and marine species [5] . Therefore, its release into the aquatic environment is of significant concern. Hence it is important to assess the biodegradability and impact of polycarbonate disposed in the marine environment.
Any material immersed in aqueous environment or under high humidity conditions are equally susceptible to biofouling and in turn to biodegradation. This definition of biodegradation is distinguished from biodeterioration or deterioration, where a polymer film is gradually fragmented due to biological or environmental effects, such as water, radiation, or mechanical forces. Factors such as humidity, temperature, pH, salinity, dissolved oxygen and the supply of different nutrients have important effects on the microbial degradation of polymers, and so these conditions must be considered when the biodegradability of these plastics is tested. The characteristics of the polymer such as structure, morphology, crystallinity, presence of functional groups, solubility and molecular weight also influence rates of biodegradation [2] . There are some reports on degradation of various polymers in sea water, which include polyurethane [6] , starch blended low density polyethylene [7] , polyesters [8] and polyolefins *Address correspondence to this author at the Department of Biotechnology, Indian Institute of Technology Madras, Chennai 600036, India; Tel: +91 44 2257 4107; Fax: +91 44 2257 4102; E-mail: mukeshd@iitm.ac.in [9] . Few authors have made comparison of biofouling on different artificial and natural substrata [10, 11] . Polycarbonate was also a subject of study where it was used as a substrate for biofilm growth in lakes [12, 13] , in drinking water distribution system [14] , in nanofiltration membranes in reverse osmosis process [15] , and for biomonitoring pollutants by growing biofilms on this polymer [16] , but these authors do not report the fate of the polycarbonate.
No reports have been published so far on biofouling and its effects on polycarbonate in sea water. The aim of this work is to estimate the fouling and its impact on degradation of Bisphenol A polycarbonate immersed at two different locations in the Bay of Bengal near Chennai, India.
MATERIALS AND METHODS

Materials
Commercial grade Bisphenol A polycarbonate (PC) (Lexan ® ) sheets of 1.5mm thickness cut into 150 100 mm coupons were used in the present study. The average weight ± SD of the samples was 35.3 ± 0.2 g. This polymer was obtained from Industrial insulations ltd, Chennai 600001, India and used as supplied.
Environment
The polycarbonate samples were immersed in the ocean waters of Bay of Bengal (Fig. 1) at a depth of three meters near Chennai Port (Latitude = 13° 6' 26" N, Longitude =80° 18' 14" E) and near Fisheries survey of India (FSI) (Latitude = 13° 7' 34" N, Longitude =80° 17'49" E). The samples were vertically submerged in the water in Fiber reinforced racks from March to August 2006. The racks were fixed to plastic buoys filled with polyurethane foam. 18 coupons (3 samples for each month) were used at each site. The characteristic parameters of the sea water such as temperature, pH, dissolved oxygen (DO), salinity, oxidation and reduction potential (ORP) at both the locations were measured every month using a Hydrolab Quanta (HACH, USA). Polymer samples, in triplicate were removed every month and analyzed.
Biofilm Characterization
Exposed polycarbonate coupons were retrieved from the two sites every month during the study period in sample bottles containing filtered (0.2 μm, Millipore) and autoclaved (120°C for 15 min) sea water. Biofilm formed was scraped from the polymer surface using a nylon brush as suggested by Sharma et al. [17] and dispersed in 1500 ml of sterile sea water. Parameters such as total suspended solids, organic carbon and chlorophyll a were estimated to assess the development of biofilm on the polymer surface at both the sites since these parameters were known to hold a key role in biofouling [18, 19] .
Biofilm solids were measured gravimetrically as suggested by Parsons et al. [20] . A sample of 20 ml was filtered through a pre-ignited (400°C, 4 hr) and pre-weighed Whatman GF/C filter paper, dried at 100°C for 1 hr and reweighed to get the dry weight of the residual biomass [19] . The photosynthetic pigment chlorophyll a, which represents the algae growth, was estimated from the biofilm samples based on the method reported by Parsons et al. [20] . Around 15 ml of water sample containing scraped biofilm suspension was filtered through a 0.22 μm Millipore filter paper and the filtrate was dissolved in 90% acetone. The samples were incubated for 12 hrs at 4°C in the dark after which the absorbance at 630, 645, 665 and 700 nm was measured using a UV spectrophotometer (Perkin Elmer, Lambda 35).
Total viable counts (TVC) were estimated using Zobell's marine agar (Himedia laboratories Pvt Ltd Mumbai, India) [21] . Plates for analysis of colony forming units were prepared by spreading 100 l of sample from each bottle on Petri dish containing the selective agar. The plates were incubated in an inverted position at 30°C, removed periodically and counted. The results presented here are mean val- 
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ues of triplicate readings and the final result was expressed as colony forming units per ml (CFU ml -1 ). The macrofoulants were removed from the polymer by cleaning the surface with 10% hydrochloric acid and then dried in hot air oven at 40ºC for 4 hrs before characterizing it.
Polymer Characterization
The changes in the chemical and surface properties of the polymer were monitored based on the following methods.
Surface Wetting Properties
Wettability of the polymer surface was determined from contact angle. It is an indication of the hydrophobicity of the surface, and higher is its value higher is the hydrophobicity. Contact angles were determined using the sessile drop method with a Camtel (Royston, UK) Goniometer (model FT200). The samples were supported on a glass slide and then analyzed. The wetting liquid used was Millipore grade distilled water. Calculations were averaged from five measurements. The drop image was processed by an image analysis system, which calculated both the left-and right contact angles from the shape of the drop with an accuracy of ± 0.1°.
Surface Changes
Scanning electron microscopy (SEM) (FEI Quanta 200) was used to detect changes in the surface morphology of the polymer due to degradation or deterioration. Nearly 10 mm 10 mm piece was cut from the polymer sample and placed on the sample holder of the SEM. Environmental mode was used for scanning the surface of the polymer as it is nonconducting in nature. The samples were scanned within an area of 20 m 2 at a magnification of 2000 .
Atomic force microscopy (AFM) was used to determine the surface topography and roughness of the polymer coupons that were exposed to the sea water. The sample was mounted on a piezoelectric scanner and the surface was scanned within an area of 10 m 2 with a silicon nitride cantilever. The analysis was performed on a Nanoscope III AFM microscope with an ADCS controller in contact mode.
Thermal Analysis -Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was performed using a NETZCH Phoenix DSC-7 apparatus, calibrated with indium standard. To determine the glass transition temperature, scans were carried out at a heating rate of 10°C min -1 under nitrogen atmosphere. The samples were analyzed over a temperature range of 50 to 300°C using heating and cooling cycles. Weight of the samples loaded varied from 5 to 7 mg.
Thermal Analysis -Thermo Gravimetric Analysis
Thermo gravimetric analysis (TGA) was carried out with a simultaneous thermal analyzer STA 409 (NETZSCH, USA). Sample of about 20 mg was heated under nitrogen atmosphere at a flow rate of 40 ml min -1 and at a heating rate of 10 K min -1 . Ceramic sample pans with alumina were used as the reference material. The onset temperature (T o ) (i.e. temperature at which decomposition is initiated) was determined by the tangent method. Onset and end point of decomposition were calculated as intersections between base line and tangent at the inflection point using the NETZSCH TA WINDOWS ™ PROTEUS ® data analysis software. The inflection point was determined from DTG curve (derivative of TG). The loss in weight over a specific temperature range provided an indication of the integrity of the sample.
Fourier Transforms Infrared Spectroscopy
Fourier transform infrared (FTIR) spectra, which is used for detecting the formation of new functional groups or change in the amount of existing functional groups, were recorded on a Jasco N4200 spectrometer at a resolution of 4 cm -1 in the frequency range of 4000 to 400 cm -1 , calibrated with polystyrene standards. The analysis was performed using HATR (Horizontal Attenuated Total Reflectance) mode by accumulating 32 scans. The readings were taken in triplicates and the mean and standard deviation are presented. The methyl index was calculated by taking the ratio of absorbance at 2915 and 1508 cm -1 . The former peak corresponds to the stretching frequency of methyl carbon, while the later peak corresponds to bending frequency of aromatic sp 2 carbon. This latter peak is assumed to be the internal standard, since it is reported that the phenyl stretching vibrations are not affected significantly even under strong ionic irradiation [22] . In order to differentiate the peaks from noise, the FTIR spectra were deconvoluted using the JASCO spectra analysis software. Carbonate carbonyl index (CC index) (ratio of carbonate bond at 1778 cm -1 to aromatic CH stretching at 1508 cm -1 ) was calculated using two-point base method [23] . This method would eliminate the error that would occur during baseline correction.
Mechanical Properties
The tensile strength of the samples were measured in triplicate as per the ASTM D638 procedure [24] (which measures the stress-strain characteristics of rigid plastics with a thickness greater than1 mm) on an Instron machine (model 4204) at 30°C, 50% humidity and a cross-head speed of 50 mm min -1 .
RESULTS AND DISCUSSION
Photographs of polycarbonate samples retrieved from the sea are shown in Fig. (2) . The extent of biofouling on the polycarbonate varied with duration of exposure.
The photographs also revealed the presence of macrofoulants, which were seen more clearly after the removal of the soft fouling material by scraping the surface with the nylon brush (Fig. 2b) . The macrofoulants such as barnacles remained strongly attached to the surface of the polymer for a long period of time. The nature of biofouling at port and FSI appeared to be different (Fig. 2c, d ).
Sea water parameters provide information on the biodegradation environment for the present study [25] . The average water quality parameters at the two sites during the course of the study (namely from March to August 2006) are listed in Table 1 . Dissolved oxygen (DO) and oxidation and reduction potential (ORP) are significantly less at FSI when compared to Port. ORP is an indication of the effect of aeration on the seawater and is a measure of the oxidation potential of the medium. ORP increases with decreasing pH [26] . Dissolved oxygen in the seawater is significantly influenced by physical and biological processes such as, fresh water influx, water mass transport, photosynthesis and respiration [27] . The lower DO and ORP levels in FSI could be due to its location closer to the shore and higher anthropogenesis, whereas port is away from the sea shore and geographically facing the open sea, leading to a continuous circulation of fresh seawater. The accumulation of biofilm solids and organic matter on the polymer at both the sites as a function of time are shown in Fig. (3a, b) respectively. The total suspended solids, organic matter and total viable counts are generally higher at Port than at FSI. The average amount of biofilm deposited per month on PC was 4 x 10 -2 mg cm -2 . Total suspended solids contain both organic and inorganic substances in the biofilm. The biofouling and organic matter are lower at FSI than at Port, which is probably due to lower DO at the former site, while highest at both the sites in the month of August probably due to the termination of the South West monsoon and commencement of North East Winds leading to changes in ocean currents in Bay of Bengal. The major contributors for the organic carbon in the biofilm are TVC and chlorophyll a [19] . It is observed that contribution by TVC is high towards organic carbon in the first month at port whereas the contribution by chlorophyll a dominates at FSI in the first month.
The amount of chlorophyll a (Fig. 4) was generally more at FSI when compared to that at the Port (except in the Fig. (2) . (A) Polycarbonate coupon control sample (B) after the slime was scraped at Port after six months (C) and (D) Polycarbonate coupon immersed in sea water at Port and FSI after six months respectively. Fig. (3a) . Biofilm settlement in terms of total suspended solids on PC at both locations ( Port, FSI). Fig. (3b) . Cumulative organic matter or organic carbon on PC at both locations ( Port, FSI). ) month of July). Both autotrophs and heterotrophs contribute to the organic matter in the biofilm. Chlorophyll a (seaweed and algae) is an indication of the abundance of the autotrophs in the biofilm. The micro algal growth was highest in the month of July at Port. Previous workers [20, 26] observed that water pollution leads to higher chlorophyll formation. This is also confirmed by higher chlorophyll a at FSI which in turn leads to a higher utilization of dissolved oxygen for their growth [28] .
Cumulative total viable count (TVC) is higher at Port than at FSI (Fig. 5) .
The total viable count at both the sites did not show any pattern. The average TVC (over the six month period) at Port is as high as 35 000 CFU ml -1 , while it is 17 000 CFU ml -1 at FSI. It was observed that cumulative total viable counts at FSI were lower than at Port through out the study except for the month of May. The higher DO at Port favors the development of aerobic epilithic bacteria and the metabolism of these microorganisms can lead to the biodegradation process [29] . Even though the water quality parameters look relatively consistent, the observed poor correlation on the biofilm solids among the months could be due to the varying thickness of biofilm which gets dislodged from time to time due to excess settlement of macrofoulers or due to ocean currents [30] . Apart from barnacles, other foulants like mussels, tube worms and hydroids were also found however, their relative amount varied from one month to the other. In the present study the thickness and number of macrofoulers were not quantified.
The degradation of the polymer manifested itself in various ways. Chemical, physical and mechanical changes occurred during the process and they were monitored by various techniques as listed in section 2.4. It is already known that during the formation of biofilm an interaction takes place between the substratum and the bacterial communities. Contact angle for the port sample reduced by 33% when compared to the control sample ( Table 2) indicating an increase in surface hydrophilicity. This indicates a chemical change at the surface of the polymer. From the current study and earlier studies on polyolefins [9] it is observed that deposition of biofilm solids is substrate specific and is dependant on the hydrophobicity (contact angle) of the substrate ( Table 3 ). Higher the surface hydrophobicity, higher is the biofilm settlement. Fig. (6) presents the AFM images of the polycarbonate samples before and after exposure to sea water for a period of six months. The control sample (Fig. 6a) had a root mean square surface roughness of 9.39 nm and the samples retrieved from port after one month of deployment (Fig. 6b) showed a surface roughness of 238.55 nm. The six months (Fig. 6c) and FSI ( Fig. 6d) samples had a surface roughness of 451.47 nm and 358.30 nm respectively. It is observed that surface directly under a barnacle deposition showed a roughness of only 13.01 nm even after six months as against a six months average value of 451.47 nm. The increase in surface roughness could also be due to the settlement of macrofoulers leading to leaching and degradation of the sample. Scanning electron micrograph pictures of the samples are shown in Fig. (7) .
The pictures clearly indicate erosion and pitting of the surface due to the biodegradation or biodeterioration caused by micro and macrofoulers. The thermograms from differential scanning calorimetry (DSC) indicates a rise in glass transition temperature (T g ) in both the Port and FSI six months samples when compared to the control (from 133.1°C to 146.9°C and 143.5°C respectively) ( Table 2 ). An increase in glass transition temperature can rise due to the conformational changes in the polymer molecule leading to a decrease in its mobility or due to loss of the amorphous region in the polymer. Generally, degradation starts in the amorphous region of the polymer which can lead to an initial increase in the crystallinity [31] . Even though there is not much difference in their melting points (T m ), a considerable change in the melting enthalpies is observed between FSI and Port samples ( H=43.86 and 38.89 J g -1 respectively). The control polycarbonate sample has a melting enthalpy of H=44.26 J g -1 . TGA investigations under nitrogen atmosphere demonstrate increase in onset temperature (T o ) and inflection points for samples from field with respect to the control sample ( Table 2) . These results are in concurrence with the DSC data.
The tensile strength of the polycarbonate has drastically reduced by nearly 50% in six months for the samples at FSI and port. As expected there is an increase in the percentage elongation when compared to the control sample. The high reduction in tensile strength indicates that the polycarbonate has lost its mechanical integrity and can be attributed to the combined action of microorganisms, macrofouling and ocean currents.
In the FTIR spectra of polycarbonate (Fig. 8) the intensity of the methyl group at 2915 cm -1 in PC has reduced in port and FSI samples when compared to the control. The methyl index decreased from 0.70 (for control) to 0.29 and 0.34 for port and FSI samples respectively. The deconvoluted FTIR spectra (inset in Fig. 8) clearly show marked differences between the control and six month samples. In the current study the CC index decreased from a value of 0.45 (control) to 0.30 and 0.17 for samples at Port and FSI respectively. Variation in the organic group indices was clearly observed during the period of the study ( Table 4 ).
The changes in the FTIR spectra are solely because of biodegradation since deterioration cannot bring about changes in the functional groups in the polymer. Schmidt et al. [32] has suggested that polycarbonate contains conformationally sensitive IR bands namely carbonate carbonyl (1775 cm -1 ), phenyl C=C stretching and C-O-C skeletal vibrations (1260 cm -1 ) which change during degradation. Changes in the carbonyl region of polycarbonate spectrum are observed in the current study indicating biodegradation. A reduction in the methyl index indicates the oxidation of the tertiary methyl group on Bisphenol A polycarbonate. Under biological conditions this reaction is catalyzed by oxidoreductases. If hydrolases like lipase act upon polycarbonate, then carboxylic acids with a peak around 1730 cm -1 and phenolic OH groups with a broad peak around 3200 cm -1 should have been observed in the FTIR spectrum, which were not detected here. Based on dissociation energies of various bonds in PC it could be as- sumed that the degradation of polycarbonate could involve chain scission of the isopropylidene linkage (bond energy of 251 kJ mol -1 ), and hydrolysis/alcoholysis of the carbonate linkage (bond energy of 330 kJ mol -1 ). Jang and Wilkie [33] reported that when polycarbonate undergoes oxidation, peroxides are formed. These peroxides can further undergo, at the early stages of degradation, dissociations and combinations, producing mainly aldehydes, ketones and some branched structures. Rivaton [34] reported that the phenyl radicals react with the polycarbonate by abstracting H atoms from the methyl groups and induce the cleavage of the Me 2 C-C 6 H 5 and C (O)-O bonds. Since there is higher dissolved oxygen at Port it is understandable that the oxidative degradation is higher here when compared to FSI.
CONCLUSION
In the current study polycarbonate samples are immersed in tropical sea water at two different locations and the extent of biofouling and biodegradation of the polymer are monitored by measuring the physical, mechanical, and chemical changes to the samples. The quantity of the dissolved oxygen plays an important role in the extent of biofouling and attachment of microorganisms. Higher the DO higher is the biofouling. Chlorophyll pigmentation is inversely proportional to DO levels in the water. Considerable increase in T g and T o are observed on samples indicating a change in chain mobility. AFM analysis indicates a forty to fifty times increase in surface roughness of the exposed samples. Tensile strength decreased from 18 to 8 Nmm -2 during the study period. The changes in the carbonate carbonyl and methyl indices indicate that the polymer undergoes biodegradation, probably catalyzed by oxidoreductases. The current study has shown that biological analysis in lieu with chemical analysis is necessary for the complete understanding of the degradation process as the rates of biodegradation will vary tremendously depending on the environment selected for the exposures, and every environment used will be different. Therefore, it will be impossible to standardize methodologies and compare with literature. 
